Introduction
In the central nervous system, most excitatory postsynaptic terminals reside in dendritic spines. A mature spine forms a mushroom-shaped structure comprising a small spherical head ($0.5 mm in diameter) connected to the dendrite through a thin neck ($0.1 mm in diameter) [1] . The neck limits the diffusion of cytoplasmic and membrane molecules in and out of the spine head [2] [3] [4] [5] . Elevation of the Ca 2+ concentration in spines (approx. micromolar [4, 5] ) initiates biochemical signal transduction that leads to the expression of various forms of synaptic plasticity, including long-term potentiation (LTP) and depression (LTD) [6] . At Schaffer collateral synapses in the hippocampus, synaptic plasticity is associated with morphological plasticity of dendritic spines: spines display long-term enlargement [7] [8] [9] and shrinkage [10] during LTP and LTD, respectively. Signaling involved in LTP and the associated spine enlargement in these synapses has been especially well studied as a prominent memory model. It has been revealed that LTP is caused by a combination of many postsynaptic processes coordinated in time and space, including reorganization of the actin cytoskeleton, exocytosis from endosomes and insertion of AMPA receptors (AMPARs) into synapses [11, 12] . In turn, these events lead to an increase in the sensitivity of postsynaptic sites to glutamate [11] [12] [13] or in the probability of glutamate release from the presynaptic terminal [14] [15] [16] .
Depending on the stimulation paradigm, LTP and associated spine enlargement can be maintained for more than several hours [17, 18] . This form of LTP requires the synthesis of new proteins [17] [18] [19] [20] . Signaling mechanisms regulating these events have also been extensively studied, and tens of signaling proteins have been identified as being important for LTP [21] .
Recent progress in imaging techniques has facilitated visualization of molecular events at the level of the single synapse, and such studies have provided new insights into the molecular mechanisms underlying LTP and associated spine enlargement. In this review, we summarize recent findings that have revealed the spatiotemporal dynamics of molecular processes that occur in dendritic spines during the initial $30 min of morphological and functional plasticity.
Molecular reorganization in spines during LTP
During LTP induction in Schaffer collateral synapses in response to repetitive uncaging of caged glutamate [7] , high-frequency electrical stimulation [7] or theta-burst electrical stimulation [19] , spine morphology dramatically changes, increasing by two-to fivefold in size within $1 min (Figure 1 ). This is followed by a decrease in volume over the next few minutes and subsequent stabilization (for more than 1 h) at a volume 1.5 to two times as large as the original volume [7, 19] . Recent imaging studies have revealed some of the mechanisms of this amazingly dynamic process, and it has become clear that the induction of LTP and spine enlargement requires many cellular events that regulate the actin cytoskeleton, membrane and postsynaptic density (PSD) within $1 min, perhaps reorganizing the whole spine structure.
Reorganization of the actin cytoskeleton
The actin cytoskeleton plays an essential role in sustaining and modulating the morphology of spines [12, 22] . In spines, actin filaments undergo rapid treadmilling by adding an actin monomer at one end (barbed end) and depolymerizing at the other end (pointed end) [23] . The dynamics of actin treadmilling in dendrites and spines has been studied by measuring fluorescence recovery after photobleaching (FRAP) of green fluorescent protein (GFP)-tagged actin monomers [23] or fluorescence decay after photoactivation of photoactivatable GFP (paGFP)-tagged actin [24] . These studies revealed that the treadmilling process results in an exchange between actin monomers in spines and those in dendritic shafts within 1 min (dynamic pool). In addition, there is a stable pool that is not
